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Abstract: The northeastern United States has experienced dramatic alteration to its landscape since
the time of European settlement. This alteration has had major impacts on the distribution and
abundance of wildlife populations, but the legacy of this landscape change remains largely unexplored
for most species of freshwater turtles. We used microsatellite markers to characterize and compare the
population genetic structure and diversity between an abundant generalist, the eastern painted turtle
(Chrysemys p. picta), and the rare, more specialized, spotted turtle (Clemmys guttata) in Rhode Island,
USA. We predicted that because spotted turtles have disproportionately experienced the detrimental
effects of habitat loss and fragmentation associated with landscape change, that these effects would
manifest in the form of higher inbreeding, less diversity, and greater population genetic structure
compared to eastern painted turtles. As expected, eastern painted turtles exhibited little population
genetic structure, showed no evidence of inbreeding, and little differentiation among sampling sites.
For spotted turtles, however, results were consistent with certain predictions and inconsistent with
others. We found evidence of modest inbreeding, as well as tentative evidence of recent population
declines. However, genetic diversity and differentiation among sites were comparable between
species. As our results do not suggest any major signals of genetic degradation in spotted turtles,
the southern region of Rhode Island may serve as a regional conservation reserve network, where the
maintenance of population viability and connectivity should be prioritized.
Keywords: conservation biology; endangered species; freshwater turtles; herpetology; population
genetics; reptile ecology; wildlife
1. Introduction
Rhode Island, a small state in the northeastern United States, has experienced intensive and
large-scale landscape alteration in the last several centuries. Clearing of the land for timber and
agriculture began in the 17th century and peaked in the mid-19th century, when approximately 70%
of the state was deforested [1]. Freshwater wetlands have undergone immense alteration during
this time, as well. Drainage, filling, damming, and channelization occurred for centuries without
regulation, resulting in the loss of an estimated 37% of the wetlands in Rhode Island between 1780
and 1980 [2,3]. Undoubtedly, these human activities have had major impacts on the distribution,
abundance, and connectivity of populations of wildlife throughout the state and region, but for most
species the legacy of this change remains largely anecdotal or completely unexplored.
Populations of freshwater turtles in the region have certainly been impacted by these alterations,
but not necessarily in a uniform fashion across species. Some species have experienced declines
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due primarily to historic habitat loss and fragmentation. True habitat specialists are often the most
vulnerable and have probably experienced the most dramatic declines [4,5]. In contrast, habitat
generalists have remained widespread and abundant owing to their ability to acclimate to new
conditions, persist in heavily altered wetlands, and colonize manmade wetlands [6,7]. The eastern
painted turtle (Chrysemys p. picta; hereafter painted turtle) and the spotted turtle (Clemmys guttata)
are two species that are thought to have experienced very different responses to recent anthropogenic
landscape change, with the former having remained abundant, and the latter having experienced
substantial declines. In this study, we characterize and compare the population genetic diversity and
the population genetic structure of the relatively rare spotted turtle with that of the more widespread
and abundant painted turtle.
Painted turtles often occur in high abundance, even in areas of major human disturbance [8,9],
and have been shown to occur in much higher densities than spotted turtles where they co-occur [10].
Eastern painted turtles are one of four recognized subspecies of C. picta, a small (carapace length up to
25.4 cm) freshwater turtle with a large geographic range that spans across North America [11]. The
subspecies occupies the eastern part of this range, stretching from Georgia, USA to New Brunswick,
Canada along the Atlantic seaboard. They occur in all types of freshwater wetlands including riparian
systems. Sexual maturity usually occurs in 2–4 years in males, and 6–10 years in females [11]. Precise
data are limited and variable across the range, but generation time is thought to be in the range of
10–20 years [11,12]. They are known to readily disperse from one wetland to another via terrestrial
movements on the order of kilometers [13,14] and readily colonize uninhabited wetlands [15,16].
In contrast, spotted turtles are believed to have experienced severe population declines throughout
their range in the last two centuries, due primarily to habitat loss, alteration, and fragmentation [17–19].
The spotted turtle is a small (carapace length up to 14.3 cm) freshwater turtle native to the eastern
United States and the Great Lakes region [11]. Sexual maturity usually occurs between 7-15 years [11]
and tends to be at the higher end of this range in northern populations [20]. Estimates of generation
time are usually considered to be between 20-30 years, but may be as high as 40 years in the northern
latitudes [11,21]. They are often described as semi-aquatic because they use both wetland and upland
habitats for extended periods [22]. Throughout their range, spotted turtles occur in a variety of wetland
types, but do exhibit habitat selection for shallow, bog-like wetlands [23,24]. In Rhode Island, spotted
turtles are rare relative to other species of freshwater turtles and are strongly forest-associated [25].
Dispersal is limited and fidelity to wetlands is high, with individuals often returning to the same
hibernaculum each winter [26,27]. They are a species of increasing conservation concern, especially in
the northeastern United States where six of the seven states where the species occurs have designated it
with some degree of conservation protection. The International Union for the Conservation of Nature
(IUCN) currently lists the spotted turtle as Endangered [19], and it is currently under review by the
U.S. Fish and Wildlife Service (USFWS) for federal listing under the U.S. Endangered Species Act [28].
Population genetics of endangered species are of fundamental interest to conservation biologists.
Genetic diversity and inbreeding have implications for a population’s vulnerability to environmental
and demographic stochasticity, thus affecting the probability of extinction [29,30]. A loss of genetic
diversity can reduce the ability of a population to adapt to changing environmental conditions, and
inbreeding depression can have deleterious effects on the reproductive fitness of offspring [31–33].
Genetic differentiation among subpopulations is, in part, a product of limited gene flow, and measures
of differentiation can help identify subpopulations that may be genetically isolated due to barriers
associated with habitat fragmentation. Maintaining gene flow to counteract the loss of genetic diversity
due to inbreeding and genetic drift is an important management tactic to ensure genetic viability,
especially for species that occur in small, isolated subpopulations [30].
Our primary objective was to assess whether spotted turtles in our study area exhibit genetic
characteristics consistent with population declines, specifically, a reduction in genetic diversity,
an increase in inbreeding, and greater population genetic structure due to isolation, which collectively
we refer to as genetic degradation. We did this by comparing these characteristics in spotted turtles
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with the more common and abundant painted turtle. We made several predictions based on the
insight that spotted turtles occur in smaller, more isolated populations, and that they probably exhibit
reduced rates of gene flow compared to painted turtles. We predicted that spotted turtles would
have (1) less genetic diversity, (2) higher inbreeding, (3) greater differentiation among sites, and (4)
recently undergone reductions in effective population size (i.e., a population bottleneck), as compared
to painted turtles.
2. Materials and Methods
2.1. Study Area and Sampling
Our study was conducted throughout the state of Rhode Island located in southeastern New
England. Rhode Island is the smallest state geographically in the United States (approximately
2700 square kilometers, when excluding coastal waterways), but ranks second highest in population
density [34]. The highest levels of land development and human population densities occur along
the south coast and around Narraganset Bay in the eastern part of the state. Approximately 54% of
the state is forested, with pine, oak, and maple forests dominating the western part of the state [35].
Mean elevation is approximately 60 m, with a highest point of 247 m. Rhode Island experienced
repeated glaciation during the Pleistocene Epoch, the most recent of which was the Laurentide Glacier.
This glacier reached a terminus about 20 km south of Block Island between 21,000–24,000 years
ago, and subsequently retreated northward leaving Rhode Island ice free by 16,000 years before
present [36,37]. Today, Block Island is a 284 km2 island located approximately 15 km south of the
Rhode Island coast. Block Island has existed as an island for approximately 15,000 years since sea level
rises associated with the retreat of the Laurentide Glacier caused the catastrophic drainage of glacial
lakes along the southern New England terminal moraine [36].
From 2013–2015, small (0.1–1.8 ha), hydrologically isolated (i.e., discrete, non-riparian) wetlands
throughout the state were randomly selected across a gradient of forest cover for a mark–recapture
study focusing on occupancy and demography [25] (see reference for additional information on site
selection and sampling methodology). Tissue collection for genetic analysis took place concurrently
at a subset of these wetlands. Painted turtle tissue was collected from a group of wetlands that
was representative of the conditions along this gradient and would ensure an adequate number of
individuals for population genetics analysis [38]. One additional wetland was sampled for painted
turtles on Block Island to serve as an outgroup. Because spotted turtles were relatively rare, tissue was
collected from all individuals encountered during the study, and several additional wetlands known
to contain the species were also sampled in order to augment the dataset. Two of these additional
wetlands deviated from the other wetlands in notable ways. Site 24 was a slow-moving riparian
wetland with peripheral freshwater marshes and adjacent forested vernal pools. Turtles were sampled
from within an approximately 15 ha area that contained both the vernal pools and the riparian wetlands.
Site 29 consisted of a matrix of permanent bog and forested vernal pools within a 2.5 ha area. Using
historic aerial imagery, we determined that 6/33 (~18%) of the wetlands sampled were manmade or
heavily modified after 1939, the year of the oldest available imagery [39]. These were sites 4, 7, 12, 15,
18, and 21. These did not include any of the wetlands where spotted turtles were sampled.
For all individuals, less than 1 mL of blood was collected from the sub-carapacial vein using
a 25 gauge sterile needle and a 3 mL syringe and placed immediately on a Whatman FTA sample
collection card (GE Healthcare, Buckinghamshire, UK). These cards were stored at room temperature
and used for subsequent DNA extraction. All individuals were released at the site of capture. The
Institutional Animal Care and Use Committee of the University of Rhode Island approved our methods
(protocol #12–11–005). All work was carried out under scientific collecting permits (numbers 2013–12,
2014–25, and 2015–5) of the Rhode Island Department of Environmental Management.
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2.2. Microsatellite Genotyping
We used the DNEasy Blood and Tissue Kit (Qiagen Corporation, Valencia, CA, USA) to extract
DNA using the standard protocol. For both species, we amplified previously described microsatellite
loci [40,41]. We amplified 18 loci for painted turtles and 17 loci for spotted turtles, organizing these into
6 and 5 multiplexes, respectively. We carried out polymerase chain reaction (PCR) using the Qiagen
Type-it Microsatellite PCR Kit under the conditions recommended in King and Julian [41] but with a
modified initial denaturing step of 95 ◦C for 5 min. We used negative controls on PCR plates to identify
any potential contamination. Fragment size analysis of PCR products was conducted at the DNA
Analysis Facility on Science Hill at Yale University on a 3730xl DNA Analyzer with a 96-capillary array,
using GeneScan 600 LIZ dye size standard (Applied Biosystems, Foster City, CA, USA). Allele peaks
were visualized and called using Geneious 7.0.6 [42]. We used Geneious and MICRO-CHECKER [43]
to search for genotyping errors. We re-ran PCR and repeated genotyping for approximately 4% of our
samples to calculate a genotyping error rate.
2.3. Genetic Diversity and Differentiation
We used a variety of packages developed for the R statistical platform v.3.3.3 [44] to estimate
population genetic statistics. We used the poppr package [45] to quantify missing data and to test
for linkage disequilibrium among loci. We used the pegas package [46] to test for deviations from
Hardy-Weinberg Equilibrium (HWE) for each locus, and for each combination of locus and sampling
site, using an exact test based on 10,000 Monte Carlo permutations of alleles. P-values were assessed
after Bonferroni correction in which the alpha level (0.05) was divided by the number of tests. We used
the popgenreport package [47] to estimate the frequency of null alleles for each locus [48], private
alleles per site, and mean allelic richness using the rarefaction method to correct for variation in sample
size [49]. We calculated expected heterozygosity (He), observed heterozygosity (Ho), and inbreeding
coefficients (FIS) for each site, and calculated 95% confidence intervals for FIS estimates using 10,000
bootstrap iterations, all using the diveRsity package [50].
We used the diveRsity package to calculate the global measures of FIS and FST, and to calculate
pairwise FST values for all sites. All F-statistics used the bias-corrected formulation of Weir and
Cockerham [51]. As an alternative measure of population differentiation and to maximize comparability
with other studies, we also used the diveRsity package to calculate pairwise values of the bias-corrected
Jost’s Dest [52,53]. The diveRsity package was used to estimate 95% confidence intervals for all measures
of differentiation using 10,000 bootstrap iterations. We used the poppr package to perform an analysis
of molecular variance (AMOVA). We conducted the test with two stratifications such that variance of
allele frequencies was partitioned within and among sites [54]. For the global F-statistics and AMOVA
analyses, we excluded the Block Island site for painted turtles, and included only the five spotted turtle
sites with sample sizes >4 to limit confounding factors, such as outliers and small sample sizes [55],
and thereby maximized the comparative inference between the two species.
2.4. Population Structure
We used the ade4 package to perform a Mantel test with 10,000 permutations to test for genetic
isolation by distance. We used Nei’s standard [56] measure of genetic distance to create the genetic
matrix, and geographic locations centered on individual wetlands or on a geographic mean when
turtles were sampled from multiple wetlands, to create the Euclidean distance matrix. For painted
turtles, we did not include the Block Island site, and for spotted turtles we included only the five sites,
with sample sizes >4 to avoid falsely inflating measures of genetic distance.
We used the program STRUCTURE v.2.3.4 [57] to characterize the population genetic structure
of both species [58] and to test our prediction of a greater degree of subpopulation structure in
spotted turtles. For all runs, we assumed an admixture model with correlated allele frequencies and
employed the LOCPRIOR parameter using sampling location as the additional sample information.
Diversity 2019, 11, 99 5 of 17
The LOCPRIOR parameter is informative in situations with weak population structure, such as that
which may be expected given the spatial scale of our study [58,59]. In all cases, we performed
20 independent iterations of runs consisting of a burn-in of 200,000, followed by 500,000 MCMC
repetitions, which was sufficient for all runs to reach convergence. For painted turtles, we ran an
initial analysis with all individuals included (hereafter complete analysis) and a second analysis with a
maximum of 25 individuals selected randomly (hereafter subset analysis) from each site to ensure that
sample size unevenness was not influencing results [60]. We specified the range of K as 1–10 for both
runs. For spotted turtles, we ran an initial analysis with all individuals from all sites (i.e., a complete
analysis), and a second analysis with only sites with more than 9 individuals, while also limiting site 29
to only 30 randomly selected individuals (i.e., a subset analysis). We specified the range of K as 1–11 for
the complete analysis, and 1–4 for the subset analysis. We considered both the ln Pr(X|K) and the ∆K
method [61] with STRUCTURE Harvester [62] to evaluate the most likely number of clusters. We used
CLUMPP v.1.1.2 [63] and distruct v.1.1 [64] software for post-hoc data processing and visualization.
2.5. Comparison of Pooled Groups
In order to more directly compare the genetic statuses of the two species, we created one
geographically defined pooled group consisting of multiple sites, for each species. The geographic
extent of the pooled groups was defined such that it would include the vast majority of spotted turtle
samples and maximize the parity in sample size between the two species (Figure 1). For spotted
turtles, this included sites 24, 25, 26, 27, 29, and 30. For painted turtles, this included sites 5, 7, 8, 9, 10,
and 11. For each pooled group, we used the diveRsity package to estimate He, Ho, and FIS, and used
popgenreport to estimate mean allelic richness.
For each pooled group, we used the program BOTTLENECK v.1.2.02 [65] to test the prediction
that spotted turtles were more likely than painted turtles to have undergone recent reductions in
effective population size. To test for the signature of heterozygosity excess, we considered results
from both a two-tailed sign test [66] and a one-tailed Wilcoxon signed-rank test using the two-phase
mutation model (TPM), with 10,000 iterations used to generate a distribution of expected equilibrium
heterozygosity. Following the recommendations of Peery et al. [67], we used a value of 3.1 for the
mean size of multi-step mutations, which was used to specify a variance for the TPM [68]. We then
conducted separate tests using values of 0.05, 0.15, 0.25, and 0.35 for the proportion of multi-step
mutations in the TPM. To estimate the effective population size (Ne) for each pooled group, we used
the program NeEstimator v.2.1 [69], using the linkage disequilibrium method under the assumption
of random mating. We performed estimates using all possible alleles, and excluding alleles with a
frequency <0.05. We report both parametric and jackknife 95% confidence intervals for all estimates.
3. Results
3.1. Sampling and Genotyping
We collected tissue samples from 647 painted turtles from 22 sites (mean = 29.7 individuals/site,
SE = 2.2), and 148 spotted turtles from 11 sites, but only five of these 11 sites yielded enough individuals
for the majority of population genetics analyses (mean = 27.4 individuals/site, SE = 6.4, n = 5; Figures 1
and 2). We retained 12 of 18 microsatellite loci for painted turtles (Table S1). Excluded loci were
GmuB67 and GmuA32, which were monomorphic, GmuD87 and Cp10, which had high levels of
missing data (> 13%) and high frequencies of null alleles (0.120 and 0.219, respectively), and loci
GmuD121 and Cp2, which had high frequencies of null alleles (0.205 and 0.158, respectively). GmuD87,
GmuD121, and Cp10 deviated most consistently from HWE among the sampling sites (Figure S1). For
retained loci, the total missing data was 3.6%. We retained 16 of 17 loci for spotted turtles (Table S1).
We removed the locus GmuD28, which had a high frequency of null alleles (0.174). For the retained
loci, the total missing data was 0.6%. There was no evidence of linkage disequilibrium among retained
loci for either species. The genotyping error rate was approximately 2.3%.
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Figure 2. Program STRUCTURE bar plots for (A) all painted turtle sites with all individuals, showing
results for K = 2 and K = 6; (B) all painted turtle sites limited to 25 individuals per sampling locality
(K = 4); (C) spotted turtles with all individuals from all sites (K = 2); and (D) spotted turtles with sites
of >9 individuals and with site 29 limited to 30 individuals (K = 3).
3.2. Genetic Diversity and Population Structure
Painted turtle global FIS was less than zero (−0.0220, CI = −0.0341–−0.0099), and global FST was
greater than zero (0.0185, CI = 0.0143–0.0231). For this species, mean He of all retained loci was 0.66
(SE = 0.08) and mean Ho was 0.66 (SE = 0.08; Table S1). Mean allelic richness ranged from 5.54 to 6.59
among sites (Table 1). Pairwise FST values (not including Block Island) ranged from 0.002 to 0.058
(mean = 0.018, SE = 0.001, n = 210), with 143/210 (68.1%) values containing a 95% confidence interval
that did not overlap zero. Only the Block Island site (FST = 0.008–0.081) and sites 12 (FST = 0.019–0.058)
and 21 (FST = 0.019–0.055) contained all values that did not overlap zero (Table S2). Pairwise Jost’s Dest
values ranged from 0.001 to 0.102 (mean = 0.020, SE = 0.001, n = 210), with 51/210 (24.3%) of values
containing a 95% confidence interval that did not overlap zero.
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Table 1. Site characteristics and genetic diversity measures for painted turtles and spotted turtles in
Rhode Island, USA, 2013–2015.








1 41.153247, −71.604493 40 0.63 0.63 2 5.83 0.014
2 41.346108, −71.789074 39 0.61 0.60 0 6.21 −0.012
3 41.380141, −71.630523 19 0.61 0.67 1 5.82 −0.101
4 41.42052, −71.585525 34 0.63 0.66 0 6.29 −0.062
5 * 41.494763, −71.706265 18 0.61 0.66 1 5.69 −0.076
6 41.53227, −71.385252 24 0.59 0.59 0 5.54 −0.003
7 * 41.548007, −71.458184 17 0.59 0.63 0 5.75 −0.076
8 * 41.547675, −71.549071 26 0.63 0.64 2 6.59 −0.022
9 * 41.555359, −71.694297 19 0.63 0.71 1 6.33 −0.127
10 * 41.560943, −71.716856 23 0.63 0.64 0 6.22 −0.018
11 * 41.600674, −71.719651 27 0.65 0.68 0 6.21 −0.058
12 41.612399, −71.42399 38 0.64 0.69 0 5.96 −0.073
13 41.615407, −71.685647 57 0.62 0.63 1 6.34 −0.029
14 41.739527, −71.329793 17 0.62 0.67 0 5.79 −0.065
15 41.826773, −71.463335 40 0.62 0.60 2 6.02 0.034
16 41.855324, −71.346786 41 0.64 0.63 1 6.54 0.016
17 41.900587, −71.633623 20 0.63 0.69 0 6.25 −0.100
18 41.912204, −71.426565 34 0.61 0.61 0 6.18 −0.005
19 41.944757, −71.416485 35 0.65 0.71 0 6.29 −0.090
20 41.965696, −71.478915 24 0.62 0.67 0 6.12 −0.078
21 41.970512, −71.66193 31 0.64 0.68 0 5.94 −0.064
22 41.98915, −71.527097 24 0.59 0.61 2 5.98 −0.018
Global values 607 - - - - −0.022
Pooled group - 130 0.64 0.66 - 10.27 −0.026
Spotted turtles
23 - 2 - - 1 - -
24 * - 22 0.65 0.63 2 4.78 0.040
25 * - 9 0.67 0.68 2 4.81 −0.028
26 * - 4 - - 1 - -
27 * - 28 0.67 0.67 3 4.86 −0.008
28 - 1 - - 1 - -
29 * - 51 0.67 0.64 5 4.90 0.033
30 * - 23 0.68 0.67 6 4.97 0.007
31 - 3 - - 1 - -
32 - 3 - - 1 - -
33 - 2 - - 1 - -
Global values - 133 - - - - 0.036
Pooled group - 137 0.68 0.66 - 8.59 0.039
Geographic coordinates are in decimal degrees (locations withheld for spotted turtles). He is expected heterozygosity,
Ho is observed heterozygosity, and FIS is the inbreeding coefficient. Bolded FIS indicates a bootstrapped 95%
confidence interval that does not overlap zero. Diversity measures (except private alleles) calculated only for
sampling sites with >4 individuals for spotted turtles. Asterisks indicate a site used to compile the pooled group for
each species.
Spotted turtle global FIS (0.0364, CI = 0.0094–0.0628) and FST (0.0144, CI = 0.0045–0.0264) were
greater than zero. For this species, mean He of all retained loci was 0.70 (SE = 0.04) and mean Ho was
0.68 (SE = 0.05; Table S1). Mean allelic richness ranged from 4.78 to 4.97 among sites (Table 1). Pairwise
FST values ranged from −0.002 to 0.025 (mean = 0.012, SE = 0.003, n = 10), and 3/10 (30%) values
contained a 95% confidence interval that did not overlap zero. Pairwise Jost’s Dest values ranged from
0 to 0.031 (mean = 0.010, SE = 0.003, n = 10), and 1/10 values (10%) contained a 95% confidence interval
that did not overlap zero (Table S3).
The vast majority of genetic variance occurred within sites for both species (AMOVA: painted
turtle = 96.5%; spotted turtle = 97.9%), with the remaining variance partitioned among sites, and we
found no evidence for isolation by distance in painted turtles (r = 0.097, p = 0.128, 21 sites) or spotted
turtles (r = −0.454, p = 0.926, 5 sites). STRUCTURE results for painted turtles clearly distinguished the
Block Island site from all mainland sampling locations in all runs. In the complete analysis, the ∆K
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method suggested two clusters, and the ln Pr(X|K) method suggested six clusters. In the subset
analysis, both K selection methods suggested four clusters (Figure 2A,B; Figure S2). In both analyses in
which K ≥ 4, the majority of sites showed a lack of definitive assignment of individuals to a particular
cluster, but several sites did show a relatively high probability of assignment to a particular cluster.
In the complete analysis, sites 2, 12, 15, 18, and 21 exhibited the highest probabilities of belonging to
independent clusters. In the subset analysis, sites 12, 15, and 21 exhibited the highest probabilities
of belonging to independent clusters. STRUCTURE results for spotted turtles suggested two genetic
clusters in the complete analysis, with site 29 distinguished from the other sites. In the subset analysis,
this relationship did not persist and the ∆K and ln Pr(X|K) methods suggested different numbers of
clusters (Figure 2C–D; Figure S2). The ln Pr(X|K) method suggested no structure (i.e, K = 1), and the
∆K method suggested three clusters with a greater amount of admixture in sites 24 and 27.
3.3. Comparison of Pooled Groups
For the painted turtle pooled group, He was 0.64, Ho was 0.66, FIS was −0.026 (−0.051–−0.001),
and mean allelic richness was 10.27. For the spotted turtle pooled group, He was 0.68, Ho was 0.66,
FIS was 0.039 (0.015–0.064), and mean allelic richness was 8.59 (Table 1). Painted turtles exhibited no
evidence of a recent genetic bottleneck, with all tests returning non-significant results. For spotted
turtles, both the sign test and Wilcoxon test at the highest TPM level returned P-values <0.05, suggesting
the signal of a recent population decline (Table 2). Estimates of effective population size were higher
for painted turtles, especially when all alleles were included in the analysis, but there was substantial
overlap in confidence intervals between the two species (Table 3).
Table 2. Results from program BOTTLENECK for pooled groups of painted turtles and spotted turtles
showing P-values of sign tests and Wilcoxon signed-rank tests under varying proportions of multi-step
mutation model included in the two-phase model. Asterisk indicates P-value < 0.05.
Proportion of Multi-Step Mutation Model
















Painted turtles 0.586 0.545 0.337 0.425 0.331 0.395 0.322 0.259
Spotted turtles 0.505 0.550 0.478 0.161 0.477 0.072 0.048 * 0.017 *
Table 3. Results from program NeEstimator showing effective population size estimates (Ne) and 95%











Painted turtles Spotted turtles
0.05 283.3 174–642.3 132–4387.4 242.1 175.3–371.9 141.9–611.5
All alleles 692.9 395.6–2354.3 237.2–Infinite 334.9 255.7–473.8 206.7–756.7
4. Discussion
Measures of genetic diversity were mixed, with observed heterozygosity similar for both species,
but spotted turtles exhibited a lower allelic richness. Population genetic structure was comparable for
both species, highlighted by little differentiation among sites and no evidence of isolation by distance
for either species. However, it should be noted that the Mantel test for spotted turtles included only
five sites, thereby limiting the statistical power of the test and our ability to detect a trend. For painted
turtles, both global and pooled group FIS was less than zero, suggesting outbreeding. For spotted
turtles, however, global and pooled group FIS was greater than zero, indicating a modest amount of
inbreeding. There was tentative evidence of a recent population decline in the spotted turtle pooled
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group, whereas there was no evidence of a population decline in the painted turtle pooled group.
Overall, the results were consistent with some predictions and inconsistent with others. We interpret
this as limited evidence that the spotted turtle has experienced some, albeit modest, genetic degradation
in our study area.
4.1. Genetic Diversity
Lower mean allelic richness in spotted turtles suggests less genetic diversity compared to painted
turtles, yet the observed heterozygosity was identical in the two pooled groups. For both species,
estimates of observed and expected heterozygosity and allelic richness were comparable to those
from other studies of turtles using microsatellites [70], which suggests no significant depletion of
genetic diversity. However, long-lived species can mask declines in genetic diversity even after
prolonged population declines, making interpretation difficult [71]. A comparison of genetic diversity
in fragmented populations of spotted turtles and midland painted turtles (C. picta marginata) in Indiana
found lower diversity in spotted turtles [72]. The authors identify a smaller habitat patch size, lower
population density, and greater isolation of spotted turtle populations as potential factors, but low
sample sizes and the possibility of different mutation rates of the genetic markers used for the different
species limit strong conclusions from this study. In a Wisconsin study, genetic diversity was highest
in painted turtles, intermediate in snapping turtles (Chelydra serpentina), and lowest in Blanding’s
turtles (Emydoidea blandingii) [73]. This was consistent with the prediction that genetic diversity would
decrease with reduced mobility and greater habitat specialization among these turtle species. A study
comparing the same three species in Illinois yielded similar results, with populations of Blanding’s
turtles, snapping turtles, and painted turtles exhibiting increasing allelic richness and heterozygosity,
respectively [74]. The study in Illinois did not detect intraspecific differences between fragmented
and relatively undisturbed sites, however. While some studies have demonstrated strong empirical
evidence of a relationship between genetic diversity, life history, and the landscape, it remains difficult
to compare genetic diversity directly between species when different loci are used, as these loci
can influence estimates [75,76]. Standardized approaches for comparing genetic diversity among
species and studies are needed so that conservation scientists can better resolve causality for this
important measure.
4.2. Population Structure
We documented weak, but existing, differentiation among some painted turtle sampling sites.
The Block Island site was only moderately differentiated, despite very limited opportunity for gene
flow with the mainland since the Pleistocene [77]. The post-glacial colonization of the northeastern
United States by painted turtles occurred as populations expanded from southern refugia after glaciers
retreated [78]. Painted turtles are physiologically well adapted to cold climates [79,80] and, along with
snapping turtles, were the first turtles to expand northward into formerly glaciated areas [81]. The
exact time at which these species first colonized what is now Block Island and mainland Rhode Island
is not known, but it probably took place between 10,000 and 15,000 years ago [78,81]. A characteristic
reduction in genetic diversity associated with this relatively recent post-glacial range expansion [82,83],
along with high rates of contemporary gene flow, may be responsible for the lack of pronounced
population genetic structure.
The STRUCTURE results indicated that the majority of painted turtle sites were assigned to
multiple genetic clusters, a common signature of weak population structure [58]. However, sites 12, 15,
and 21 did exhibit consistent signals of substructure, both in pairwise measures of differentiation and in
STRUCTURE results. Under both scenarios where K ≥ 4, these sites contained the highest probabilities
of belonging to the distinct clusters (Figure 2A–B). Interestingly, these three sites are all manmade or
heavily modified [25]. Sites 12 and 15 were both constructed between 1972 and 1976, whereas site 21
predates the earliest available aerial imagery but is clearly a pool that formed when a former stream
was bisected by a road. These three sites also contain plentiful nesting habitats immediately adjacent
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to the wetland. Recent colonization by a small number of individuals (i.e., a founder effect), followed
by a rapid expansion in population size due to recruitment, may be responsible for this marked
differentiation. Ultimately, however, we cannot say with certainty what is causing the observed genetic
distinctiveness of these populations. Future studies comparing population genetics in manmade and
natural wetlands would be instructive.
Contrary to our predictions, we detected very little differentiation among spotted turtle
sites. In fact, a smaller percentage of sites exhibited significant pairwise differentiation compared
to painted turtles, but direct comparison is difficult because of the disparity in sample size
(spotted turtle = 20 pairwise comparisons, painted turtle = 420 pairwise comparisons). All significant
spotted turtle pairwise comparisons included site 29 and this site was also differentiated in the complete
STRUCTURE analysis. Adults from site 29 were radiotracked for two years as part of another study
and were found to exhibit limited movements and high levels of home range fidelity [84]. Given that
dispersal is a requisite process for gene flow, if dispersal rates to neighboring wetlands are indeed
low, limited gene flow could explain the higher differentiation. The spotted turtle STRUCTURE subset
analysis resulted in a more ambiguous pattern of differentiation, and the fact that the ∆K and ln Pr(X|K)
methods resulted in disparate results makes this difficult to interpret.
4.3. Population Bottleneck and Effective Population Size
We documented tentative evidence for a recent population decline in the pooled group of spotted
turtles. We ran multiple tests under a range of different multi-step mutation model proportions to
assess the robustness of the results [67]. Statistical evidence for a population bottleneck occurred at
the higher proportion of the multi-step model in the TPM, where the test is most vulnerable to Type I
error [68]. Thus, our results should be interpreted with caution. Bottleneck tests can be difficult to
interpret, but results comparable to ours have been interpreted in a similar way as those for other
species of turtles [71].
Due to overlapping and sometimes wide confidence intervals, the interpretation of effective
population size estimates for the pooled groups proved difficult. Estimates for painted turtles were
higher, especially under the all alleles scenario in which the painted turtle estimate was more than
double that of the spotted turtle estimate. However, a jack-knife 95% confidence interval that has no
upper limit precludes clear interpretation.
4.4. Scope and Limitations
For both species, the magnitude of the genetic structure that we did detect was very modest.
Given the limited spatial scale of our study and the fact that we expected these sampling sites to be of
post-Pleistocene origin and feature admixing to some degree, it should be emphasized that we were
indeed seeking fine-scale genetic structure. Moreover, in our study area, the impact of human activities
we intended to explore has occurred in the evolutionarily recent past (~250 years) and intensified
only in the last ~75 years. The number of painted turtle generations since the more intense period of
human influence began is probably 4–7 generations and 12–25 generations for the longer period. The
number of spotted turtle generations is probably 2–4 for the shorter period and 8–12 for the longer
period. As it can be difficult to detect the effects of genetic drift in long-lived organisms, the spatial and
temporal scales (i.e., time since habitat loss and fragmentation) of our investigation may have limited
our ability to detect genetic differentiation and demographic events that have occurred in the recent
past, particularly for spotted turtles, given their longer generation time and the smaller geographic
range from which they were sampled.
Simulation studies have demonstrated that FST is relatively insensitive to disruptions in gene
flow, especially when dispersal is limited and that other population-based metrics may be superior
in detecting changes that have occurred in the recent past [85]. Compounding the issue, turtle DNA
mutates slowly relative to that of other vertebrates [86,87]. Other studies of population genetics in
freshwater turtles have failed to detect predicted genetic structure, even when there is strong empirical
Diversity 2019, 11, 99 12 of 17
evidence of the effects of historic habitat fragmentation [74,88]. Nonetheless, the ability to detect strong
genetic structure among sites in as few as 1–10 generations after fragmentation has been demonstrated
in reptiles [89–91]. Given an ample number of generations, the same should be possible in turtles,
but it is not yet clear how many generations are necessary, and this number likely varies among
species. When working on such limited spatial and temporal scales, adequate sample size, number
of markers used, and mutation rates of markers need to be considered to maximize the resolution
of analyses [38,55,92,93]. Direct comparisons among studies can also be difficult, and standardized
approaches and accepted minimums of markers and sample sizes would be helpful in improving the
interpretability and context of individual studies.
5. Conclusions
Painted turtles are one of the most well-studied freshwater turtle species, largely because they are
widespread and abundant. Our analysis confirms that they exhibit little population genetic structure
across Rhode Island, making for an appropriate contrast with a far less abundant species. Some sites
did exhibit modest genetic differentiation, but the reasons why remain elusive and warrant further
investigation. Our study suggests that spotted turtles exhibit little population genetic structure at the
spatial scale explored. These results reinforce that, from a genetic perspective, these species should be
managed as contiguous populations at the landscape scale and that future studies of population genetics
in freshwater turtles that wish to delineate differentiation should be carried out at an appropriately
large scale.
Our analysis provides some evidence that spotted turtles have experienced a greater degree
of inbreeding and may have experienced population declines in the recent past in our study area.
However, overall, diversity and population genetic structure in this species remain comparable to
that of painted turtles. As we were unable to find strong evidence for genetic degradation in spotted
turtles, the southern region of Rhode Island may be well suited to serve as a regional conservation
reserve network where the maintenance of populations and connectivity among wetlands should be
prioritized [94,95]. Relatively little is known about spotted turtle population genetics and how genetic
structure varies range-wide. Much of what has been inferred is derived from studies of different species
of freshwater turtles considered ecologically similar. Understanding the legacy, significant or not,
of habitat loss and fragmentation on population genetic structure is critical for effective management
and conservation of this species. Additional population genetic studies, at both local and regional
scales, will help improve our understanding of the potential vulnerabilities to environmental and
genetic stochasticity in this species of conservation concern.
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